Natural scrapie in sheep occurs in classical and atypical forms, which may be distinguished on the basis of the associated neuropathology and properties of the disease-associated prion protein on Western blots. First detected in 1998, atypical scrapie is known to have occurred in UK sheep since the 1980s. However its aetiology remains unclear and is often considered as a sporadic, non-contagious disease unlike classical scrapie which is naturally transmissible. Although atypical scrapie tends to occur in sheep of prion protein (PRNP) genotypes that are different from those found predominantly in classical scrapie, there is some overlap so that there are genotypes in which both scrapie forms can occur. In this search for early atypical scrapie cases, we made use of an archive of fixed and frozen sheep samples, from both scrapie affected and healthy animals (~1850 individuals), dating back to the 1960s. Using a selection process based primarily on PRNP genotyping but also on contemporaneous records of unusual clinical signs or pathology, candidate sheep samples were screened by Western blot, immunohistochemistry and strain typing methods using tg338 mice. We have identified, from early time points in the archive, three atypical scrapie cases, including one sheep which died in 1972, and two of which show evidence of mixed infection with classical scrapie. Cases with both forms of scrapie in the same animal as recognisable entities, suggest that mixed infections have been around for a long time and may potentially contribute to the variety of scrapie strains. Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation Downloaded from www.sgmjournals.org by 1 Archival search for historical atypical scrapie in sheep reveals evidence for 1 mixed infections. 2 3 4 5 6
Natural scrapie in sheep is one of a group of diseases, affecting several mammalian 58 species, known as transmissible spongiform encephalopathies (TSEs) or prion 59 diseases. A hallmark of TSEs is the detection in brain (and sometimes also 60 lymphoreticular tissues) of an abnormal form of the prion protein, known by various 61 short forms including PrP Sc and PrP d to distinguish it from the normal cellular protein 62
PrP or PrP C (Bolton et al., 1982; Hope et al., 1986) . PrP Sc is relatively proteinase K 63 (PK) resistant and on Western blots usually has a distinct three banded pattern (the 64 result of differential glycosylation), and particular patterns and sizes of the bands can 65 be used as part of strain-typing of TSEs (Gavier-Widen et al., 2005) . Incidence of 66 scrapie is highly dependent on PRNP genotype at codons 136,154 and 171 with, for 67 example, V136R154Q171/VRQ animals at very high risk of disease, and ARR/ARR and 68 heterozygotes at low risk, [for review see (Goldmann, 2008) ]. 69 70 A different form of ovine TSE, termed Nor98 or atypical scrapie, was discovered in 71 Norway in 1998 (Benestad et al., 2003) . It is biologically, neuropathologically and 72 biochemically distinct from classical natural scrapie (Table S1 ). For example atypical 73 scrapie PrP Sc is less PK resistant than classical scrapie PrP Sc and has more variable 74 pattern on Western blots (WB), including characteristic low molecular mass band(s) 75 variously estimated at ~7-12kDa, not found in classical scrapie (Le Dur et al., 2005) . with codon 141, which varies only on the ARQ allele, such that genotypes including 83 the AF141RQ allele are more susceptible than those with AL141RQ. There is some 84 overlap of susceptibility however, as some genotypes are found in both atypical and 85 classical scrapie cases, for example VRQ/AL141RQ and AL141RQ/AL141RQ 86 (Fediaevsky et al., 2008) . Indeed there is evidence for both scrapie forms occurring in 87 a single AL141RQ/AF141RQ animal (Mazza et al., 2010) . 88 89 Incidence of atypical scrapie in the UK is low but consistent. In 2012 and 2013, it 90 was found in ~0.1% of the >18,000 sheep which were tested in abattoir and fallen 91 stock surveys each year (Ortiz-Pelaez & Arnold, 2013). Atypical scrapie is not 92 thought to be naturally transmissible although successful experimental transmissions 93 have been achieved in sheep and transgenic mice, in the latter with similar pathology 94 to that seen in the original sheep (Andreoletti et al., 2011; Le Dur et al., 2005; 95 Simmons et al., 2010; Simmons et al., 2007) . 96 97 Originally it was not certain whether atypical scrapie was a newly emerging TSE or 98 whether a pre-existing disease had been identified by increased surveillance. (Fig.1a ), estimated on this WB at 7-9kDa, 140 indicative of atypical scrapie and recognised by P4 but not 6H4 antibodies ( Fig. 1a  141 and c), similar to cases previously described by ourselves and others (Foster et al., 142 2008) . L4823 had the pattern of PrP Sc expected from classical scrapie ( Fig. 1a and c) . 143 WB of H800 with P4 revealed a very faint low molecular mass PrP Sc band ( Fig.1b) , 144 estimated as ~8kDa, reminiscent of atypical scrapie and absent with 6H4 ( Fig.1d ). 145
Suspecting degradation of protein in storage, we attempted to reproduce the pattern 146 using different sheep brain samples which had been similarly stored but found only 147 classical scrapie patterns (not shown). H800 was therefore classed as unusual. 148
149
In the second archive (NPU Cheviots), of the sheep that died before 1980, a single 150 animal (13x85) with P4 showed PrP Sc with a clear additional low molecular mass 151 band estimated as ~7-9 kDa ( Fig. 1e and g) which was absent with 6H4 ( Fig. 1f) . We did not attempt additional strain typing in wild type mice as atypical scrapie, and 187 frequently also classical scrapie, does not transmit well to non-transgenic mice (see 188 Table 1 ). In consequence, the scrapie cases selected for further study (L4824, H800 189 and 13x85) were transmitted to tg338 mice, which express the ovine VRQ allotype 190 (Le Dur et al., 2005) , and compared with classical and atypical scrapie controls, also 191 in tg338 mice, including L4823 as a concurrent flock-mate control for L4824. We 192
were not able to perform such transmissions with the similar control for 13x85 193 (13x69) because no sterile material suitable for bioassay was available. 194 195 Incubation period results are shown in Table 2 and summary Table 3 . The classical 196 scrapie control (68x81) had a very long (VL) incubation period of 584 ± 57 days 197 (mean ± standard deviation). In contrast, SSBP/1, which is a "rapid strain" in tg338 198 mice, gave the expected short (S) incubation period of 76 (±7) days. Fig. 2a ) showed a fairly flat lesion profile 209 similar to CH1641 ( Fig.2c ) and arbitrarily designated as type B1 in summary Table 3 . 210 SSBP/1 (Fig. 2b ) showed more vacuolation in regions G4 and G5 (type B2 in Table  211 3). The two atypical scrapie controls, Scr2 and 51x45 gave very similar and 212 characteristic lesion profiles ( Fig. 2d and 2e respectively, type A in Table 3) had similarities to atypical scrapie in white matter damage but in grey matter looked 218 different from any of the other tested strains (designated as mixed type in Table 3 ). 219 L4823 produced only 2 clinical cases so no lesion profile could be produced for direct 220 comparison; however the lesion damage patterns from each individual clinical mouse 221 are shown in Fig.2i . L4823 mouse 4, incubation period 572d, (L4823/4) showed 222 pathology resembling natural scrapie (type B1) whereas mouse 9, incubation period 223 364d, (L4823/9) has a distinct pattern very like atypical scrapie (type A). and SAF84), except for the two positive L4823 mice, as detailed below (Table S2 and coalescing accumulations were present also in neighbouring areas of the parietal 235 cerebral cortex. Fine particulate PrP d deposits were also found in the same locations, 236 while other brain areas appeared devoid of PrP d . Intracellular deposits were 237 inconspicuous. Vacuolation was very severe (Table S2 ) particularly in white matter 238 tracts of thalamus and midbrain, but was also present in cerebellum (grey and white 239 matter) and other brain areas. This IHC pattern is designated type A in summary 240 Table 3 . 241
242
The IHC patterns in the classical scrapie control 61x81 (Fig 3b) ; H800 (Fig 3d) and 243 mouse L4823/4, Fig.3e ) were in contrast dominated by vascular and non-vascular 244 PrP d plaques located at the injection site and in subependymal and subpial areas 245 throughout the brain, without involvement of the thalamus. Moderate fine particulate 246 PrP d deposits and mild to moderate intracellular PrP d aggregates were observed in 247 vestibular nuclei, habenula, hypothalamus, midbrain and cerebral cortex. In some 248 mice intracellular aggregates were also seen in obex and deep cerebellar nuclei. 249
Vacuolation was mild to moderate (Table S2 ). This IHC pattern is designated as type 250 B1 in Table 3 . 251 252 SSBP/1 and CH1641 were characterized by absence of plaques or coalescing PrP d 253 deposits, mild to moderate particulate and intracellular aggregates ( Fig. 3f ) with very 254 little vacuolation (Table S2) , designated as IHC type I in Table 3 . 255 11 Mice from the 13x85 transmission and mouse L4823/9 interestingly showed mixed 257 features. With 13x85, PrP d accumulation ( Fig. 4a and 4b ) was very similar to atypical 258 scrapie (bilateral coalescing PrP d deposits in thalamus, severe vacuolation, Table S2 ). 259
However, like SSBP/1 and CH1641, particulate deposits were more prominent and 260 widespread, also having intracellular (intraneuronal and intramicroglial) PrP d 261 accumulation in midbrain, habenula, hypothalamus, striatum and cerebral cortex (IHC 262 type A+I in Table 3 ). L4823/9 showed a mixture of features of atypical scrapie 263 Table 3 ). 265
266
Western blotting of mouse transmissions 267 Mouse brain samples from clinical and pathology positive animals were subjected to 268 WB to examine the patterns of PrP Sc (Fig. 5 ). L4824 and 51x45 PrP Sc both showed 269 low molecular mass doublet bands (~7-9kDa) not detected by 6H4 ( Fig. 5a and c, 270 lanes 2 and 3) as expected from atypical scrapie. PrP Sc from H800 ( Fig. 5a and c, lane 271 7) has similar staining properties to classical scrapie ( Fig. 5a and c, lanes 1 and 9) and 272 SSBP/1 ( Fig. 5b and d 2), a band at ~7 kDa was clearly visible with P4 but not with 6H4. CH1641 also had 279 different staining with the two antibodies ( Fig. 5g intense staining with P4 than 6H4 ( Fig. 5g and i, lane 3). L4823/9 also showed this 289 pattern but in addition, with P4, had the low molecular mass doublet at ~7-9kDa 290 characteristic of atypical scrapie ( Fig. 5g and i, lanes 5 and 10). Negative control 291 mice, tg338 with no inoculation, showed no staining whatsoever with 6H4 or P4 (not 292 shown). 293 294 A summary of the findings for each inoculum and our conclusions on strain identity is 295 given in Table 3 . Table 3 as Classical types 1,2 and 3 respectively) and atypical scrapie 312 can be distinguished using details of pathology and differential antibody staining. 313 In Table 3 we have presented our conclusions on strain identity. From our UK 320 archive, one sheep, H800, initially thought to be atypical scrapie because of a faint 321 ~8kDa band on Western blot, resembled classical scrapie by lesion profiling, IHC and 322 WB on transmission to mice. Moreover its genotype (VRQ/AF141RQ) is rarely 323 affected by atypical scrapie and it is therefore more likely that the low molecular mass The selection process, searching for the characteristics of atypical scrapie (Table S1) Genomic DNA was extracted from blood or tissue samples using the Qiagen DNeasy 432
Blood & Tissue Kit, following the manufacturer's instructions. PRNP genotyping was 433 performed on PCR-amplified DNA fragments as described (Hunter et al., 2012) . were those mice that lived longer than the earliest positive case. 519 520 In addition, for each of the ovine inocula, groups of 4 clinically affected mice were 521 examined by IHC, with the exception of those inoculated with L4823 (see Table 1) 
